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mediated anti-tumor activity in gastric cancer
Lichen Ge1,2, Yalan Rui3, Cheng Wang1, Yingmin Wu4, Hongsheng Wang 3✉ and Junjun Wang1✉

© The Author(s) 2024

N6-methyladenosine (m6A) and its associated reader protein insulin like growth factor 2 mRNA binding protein 3 (IGF2BP3) are
involved in tumor initiation and progression via regulating RNA metabolism. This study aims to investigate the biological function
and clinical significance of IGF2BP3 in gastric cancer (GC). The clinical significance of IGF2BP3 was evaluated using tumor related
databases and clinical tissues. The biological role and molecular mechanism of IGF2BP3 in GC progression were investigated by
multi-omics analysis including Ribosome sequence (Ribo-seq), RNA sequence (RNA-seq) and m6A sequence (m6A-seq) combined
with gain- and loss- of function experiments. IGF2BP3 expression is significantly elevated in GC tissues and associated with poor
prognosis of GC patients. Knockdown of IGF2BP3 significantly weakens the migration and clonogenic ability, promotes the
apoptosis, inhibits translation, and suppresses in vitro growth and progression of GC cells. Mechanistically, IGF2BP3 regulates the
mRNA stability and translation of the nuclear factor of activated T cells 1(NFAT1) in a m6A dependent manner. Then NFAT1 induced
by IGF2BP3 acts as a transcription factor (TF) to negatively regulates the promoter activities of interferon regulatory factor 1 (IRF1)
to inhibit its expression. Inhibition of IGF2BP3-induced expression of IRF1 activates interferon (IFN) signaling pathway and then
exerts its anti-tumor effect. Elevated IGF2BP3 promotes in vivo and in vitro GC progression via regulation of NFAT1/IRF1 pathways.
Targeted inhibition of IGF2BP3 might be a potential therapeutic approach for GC treatment.
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INTRODUCTION
Gastric cancer (GC) is the fifth most common cancer and the fourth
leading cause among cancer related deaths worldwide [1]. In China,
data submitted from high-quality cancer registries estimated that
approximately 403,000 people were newly diagnosed with GC and
almost 291,000 died nationwide in 2015 [2]. Thus, there is an urgent
need to develop novel and effective therapeutic targets for GC.
N6-methyladenosine (m6A) is the most abundant chemical

modification in eukaryotic mRNAs [3–5]. The m6A methylation is a
dynamic and reversible process regulated by methyltransferases
(called writers: METTL3, METTL14 and WTAP and so on) and
demethylases (called erasers: FTO and ALKBH5 and so on) [6–9].
The m6A-binding proteins (called reader: YTHDF1/2/3, YTHDC1/2,
IGF2BP1/2/3 and so on) could bind to the m6A site to affect the
fate of mRNA by regulating its nuclear transport, alternative
splicing, degradation and translation [10]. Dysregulation of m6A
methylation has been proved to be associated with various
human carcinogenesis [11]. Aberrant expressions of m6A methyl-
transferases and demethylases were reported to promote devel-
opment and progression of GC [12, 13]. However, the biological
significances of m6A reader proteins and theirs underlying
molecular mechanisms in GC are largely unclear.

Interferon (IFNs) reflect powerful antitumor actions [14].
Interferon regulatory factors (IRFs) are key transcription factors
(TFs) of IFN signaling regulation network. As a well-known tumor
suppressor, IRF1 exerts multiple biological functions in cancer
cells, including antiproliferation, initiation of apoptosis and cell
cycle arrest [15]. IRF1 locus showed high frequency heterozygous
loss in GC patients [16]. Functionally inactivating point mutation in
the IRF-1 locus were observed in human GC [17]. However, the
cross talk between m6A methylation and IRF1 has not been
elucidated.
Nuclear factor of activated T cells 1 (NFAT1) is the major NFAT

isoform, which plays the vital roles in the immune system and
inflammatory response [18, 19]. Accumulating evidences showed
NFAT1 is highly expressed in various human cancers, and
contributes to tumorigenesis and progression by regulating
cancer cell proliferation, cell cycle, apoptosis, migration and
invasion [20–23].
In this study, we comprehensively investigated the effects of

m6A reader protein IGF2BP3 on the malignant biological
behavior of GC and elucidated its molecular mechanism and
propose that IGF2BP3 may be a novel therapeutic target for GC
progression.
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MATERIALS AND METHODS
Tissue samples collection
GC and adjacent non-tumor tissue samples were collected from 5 patients
who underwent gastrectomy at the general surgery of Jinling Hospital of
Nanjing University. The fresh tissues were immediately placed in RNAlater
RNA Stabilization Reagent to stabilize RNA, then stored at −20 °C until RNA
isolation. The fresh tissues were immediately stored at liquid nitrogen until
protein isolation. The newly diagnosed GC patients didn’t receive
radiochemotherapy before surgery. Informed consent was obtained for
all individuals. Ethics approval was obtained from the Ethics Committee of
Jinling Hospital of Nanjing University.

Database analysis
The Oncomine [24] (https://www.oncomine.org), GEPIA [25] (http://
gepia.cancer-pku.cn) and OncoDB [26] (https://oncodb.org) databases
were used to examine gene expression in tumor and adjacent non-
tumor tissues. The Kaplan-Meier Plotter [27] (http://www.kmplot.com/
analysis/) and UALCAN [28] (https://ualcan.path.uab.edu/) databases were
used to validate the correlation between expression of genes and clinical
characteristics of GC patients.

Cell culture
Human GC cell lines (MKN-45, AGS) were obtained from Kunming Cell Bank
(Chinese Academy of Sciences) and cultured as per the established
protocol [29]. All cell lines were authenticated using short tandem repeat
(STR) profiling analysis (Shanghai Biowing Applied Biotechnology Co. Ltd)
and were negative for mycoplasma as measured by Myco-Blue Myco-
plasma Detector (Vazyme) before experiment. We established IGF2BP3 and
METTL3 knockdown GC cells using the short hairpin RNA (shRNA) lentiviral
vector and generated stable IGF2BP3 and METTL3 knockdown MKN-45 and
AGS cells respectively by puromycin selection.

Plasmid, siRNA, shRNA and generation of stable cell lines
The NFAT1 over-expression plasmid was kindly provided by Prof. Na Liu at
the Sun Yat-sen University Cancer Center. Psin empty plasmid was used as
the vector control for analysis. Cells were transfected by using
Lipofectamine 3000 reagent (Thermo). IGF2BP3, IRF1 and NFAT1 siRNA
were used to induce gene silencing. A nontargeting siRNA was used as a
negative control. Cells were transfected by using Lipofectamine RNAiMAX
reagent (Thermo). Two shRNAs targeting IGF2BP3 (shIGF2BP3-1,
shIGF2BP3-2), one shRNA targeting METTL3 (shMETTL3) and a nontarget-
ing shRNA (shNC) serving as a negative control were purchased from Obio
Technology. The stable IGF2BP3 and METTL3 knockdown GC cells were
generated by puromycin selection. The expressions of IGF2BP3 and
METTL3 were checked by western blot analysis. The nucleotide sequence
of siRNA and shRNA used in this study are listed in Table S1.

Wound-healing assay
Cells were seeded and cultured until a 90% confluent monolayer was formed.
Cells were then scratched by a sterile pipette tip and treated as indicated in
the text in the FBS-free medium. Cell migration distances into the scratched
area were measured in 10 randomly chosen fields under a microscope.

Transwell assay
Transwell chambers (polycarbonate filters with pore size of 8 µm, Corning)
were used to evaluate the migration capacity of GC cells. Cells (1.0 × 105

per well) suspended in 200 μL culture medium contained 1% FBS were
placed in the upper compartment, and 600 μL of culture medium
supplemented with 10% FBS were added to the lower chamber. The cells
in the transwell chambers were fixed and stained with 0.25% crystal violet
after 24 h of incubation. The number of migrated cells to the lower
chamber were counted.

Colony formation assay
Cells (500 per well) were seeded in the 6-well plate, and the medium was
replaced every 3 days. Colonies were stained with 0.25% crystal violet after
two weeks.

EdU staining proliferation assay
Cells (4.0 × 105 per well) were seeded in the 6-well plate, cells proliferation
status were performed using the BeyoClick™ EdU Cell Proliferation Kit with

Alexa Fluor 555 (Beyotime) in accordance with the manufacturer’s
instruction.

Apoptosis assay
Cells were stained with 50 μg/mL Annexin V-FITC (Becton, Dickinson and
Company) and 10 μg/mL PI (Becton, Dickinson and Company) for 10min at
37 °C, then analyzed for apoptosis by using guava easyCyte (Millipore).

Subcellular fractionation
To determine the cellular localization of protein and mRNA, cytoplasmic
and nuclear proteins and RNAs were isolated using PARIS Kit (Thermo)
according to the manufacturer’s instructions. The extracted proteins and
RNAs were subjected to western blot and RT-qPCR analysis, respectively.
The GAPDH and Histone H3 were used as cytoplasmic control and nuclear
control respectively for western blot analysis. The GAPDH mRNA was used
as cytoplasmic control and U6 RNA as nuclear control for RT-qPCR analysis.

Chromatin immunoprecipitation (ChIP) qPCR
The ChIP assay was performed using the Agarose ChIP Kit (Thermo)
following the manufacturer’s instructions. Anti-NFAT1 or immunoglobulin
G (IgG) antibody were added to the supernatant and incubated overnight
at 4 °C. The DNA fragments were released from the bound chromatin after
crosslinking and micrococcal nuclease digestion, immunoprecipitated, and
finally eluted in 50 μL of DNA column elution solution. The primers used for
the qPCR in this study are listed in Table S2.

RNA-binding protein immunoprecipitation (RIP)-RT-qPCR
The RIP experiment was performed using the Magna RIP™ Quad RNA-
Binding Protein Immunoprecipitation Kit (Millipore) according to the
manufacturer’s instructions. Briefly, cells (1.0 × 107) were irradiated twice
with 400mJ/cm2 at 254 nm by Stratalinker on ice and lysed with 200 μL of
RIP lysis buffer, of which 5 μL of supernatant was collected as input, and
150 μL of supernatant was incubated with IGF2BP3 or eIF4E antibody, or
IgG-conjugated protein A/G magnetic beads in 500 μL IP buffer
supplemented with RNase inhibitors at 4 °C overnight. Bound RNAs were
immunoprecipitated with beads and treated with 100 µl of elution buffer
at 50 °C for 2 h, and RNA was purified, then further analyzed by RT-qPCR
analysis. IP enrichment ratio of specific transcript was calculated as ratio of
its amount in IP to that in the input, yielded from same amounts of cells.

RNA pulldown assay
The IRF1 and MYC expression plasmids containing T7 promoter were used
to generate linearized DNA template. Biotin-labeled IRF1 mRNA and MYC
mRNA were transcribed with Biotin RNA Labeling Mix and T7 RNA
polymerase (RiboBio). After purification, biotinylated RNAs (3 ug) were
incubated with cell lysates at 4 °C overnight. MyOne™ Streptavidin C1
Beads (Thermo) were added to each tube, and incubated for 1 h at room
temperature. The enriched proteins were subjected to western blot
analysis.

RNA stability assay
To measure RNA stability in shNC and shIGF2BP3 MKN-45 cells,
actinomycin D (ACTD, 5 μg/ml) was added to serum-free culture medium.
After incubation at the indicated times, cells were collected, and RNA was
isolated for RT-qPCR analysis. The mRNA expressions of IRF1 and NFAT1
were checked, GAPDH was used for normalization.

Luciferase reporter assay
Promoter activities of IRF1 in cells were measured by luciferase assay.
Briefly, cells were transfected with pGL3-IRF1-WT-Luc or pGL3-IRF1-Mut1-
Luc or pGL3-IRF1-Mut2-Luc containing the −820 ~+138 sequence of the
IRF1 promoter. Transfection efficiency was normalized by co-transfection
with pRL-TK. After incubation at the indicated times, luciferase activities
were measured using the Dual Luciferase Reporter Gene Assay Kit
(Beyotime) according to the manufacturer’s instructions. Renilla luciferase
(R-luc) was used to normalize firefly luciferase (F-luc) activity to evaluate
the reporter transcription.
To evaluate the potential roles of m6A in 3’UTR for NFAT1 expression, the

wild type or mutant-1/-2/-3 of 3’UTR of NFAT1 was inserted behind the
F-luc coding region of pmirGLO plasmid to generate pmirGLO-NFAT1-
3’UTR-WT, pmirGLO-NFAT1-3’UTR-Mut1, pmirGLO-NFAT1-3’UTR-Mut2, and
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pmirGLO-NFAT1-3’UTR-Mut3, respectively. Both the plasmids were trans-
fected into shNC and shIGF2BP3 cells for the indicated times, the F-luc and
R-luc were assayed by Dual Luciferase Reporter Gene Assay Kit (Beyotime).
R-luc was used to normalize F-luc activity to evaluate the potential roles of
m6A in 3’UTR for NFAT1 expression.

RNA extraction and quantitative real-time PCR
Total RNA was isolated from tissue samples using the miRNeasy Micro Kit
(QIAGEN) according to the manufacturer’s recommendation. Total cellular
RNA was isolated using TRIzol reagent (Thermo). The yield and purity of
RNA were measured by NanoDrop 2000 (Thermo). cDNA was generated
using the PrimeScript™ RT Master Mix (Takara). Quantitative real-time PCR
using TB Green™ Premix Ex Taq™ II (Takara) was performed on a CFX96
Touch™ Real-Time PCR Detection System (Bio-Rad). The cycle parameters
were as follows: 95 °C for 5 min followed by 40 cycles of 95 °C for 10 s, 60 °C
for 30 s, and 65 °C for 5 s. The expressions of targeted genes were
normalized to 18 S for tissues and GAPDH for cells respectively. The relative
expression levels were calculated by the 2−ΔCt method. Primers of targeted
genes are listed in Table S2.

RNA m6A quantification
The m6A levels in total RNA were measured by use of EpiQuik m6A RNA
Methylation Quantification Kit (Colorimetric) (Epigentek) according to the
manufacturer’s instructions and previously published protocol [29].

Polysome profiling
The fraction of ribosome was separated by centrifugation in a sucrose
gradient. Cells were treated with Cycloheximide (CHX, 100 μg/mL) for 10min
at 37 °C, then washed with precooling PBS contained CHX (100 μg/mL) and
lysed on ice in lysis buffer. The lysate was collected, centrifuged at 15,000 g for
15min, the supernatant was separated by 5/50% (w/v) sucrose gradient
solution at 4 °C for 2 h at 160,000 g (Beckman, rotor SW28). The sample was
then fractioned and analyzed by Gradient Station (BioCamp) equipped with
ECONO UV monitor (BioRad) and fraction collector (FC203B, Gilson). RNA was
purified by Trizol reagent from each fraction and subjected to qRT-PCR
analysis.

Ribo-seq
Preparation of ribosome footprints for Ribo-seq experiments was performed
according to previous report with minor modifications [30]. MKN-45 cells
were grown to 90% confluency in 15 cm diameter culture dishes prepared for
cell lysis. The culture media was removed, and cells were washed twice with
5mL ice cold PBS containing 100 μg/mL CHX. After removing PBS, 400 µL of
ice cold lysis buffer (20mM Tris-HCl at pH 7.4, 150mM NaCl, 5mM MgCl2,
1mM DTT, 1% Triton X-100) supplemented with 100 μg/mL CHX, 500U/mL
RNase inhibitor (Thermo) and protease inhibitor Cocktail (Roche) (added
freshly) was dripped onto the plates. Cells were scraped then incubated on
ice in lysis buffer for 15min with pipetting to disperse the cells. The lysate
then cleared by centrifugation at 15000 g for 10min. The prepared
supernatant was digested with RNase I (Thermo) for 45min at room
temperature. SUPERase·In RNase Inhibitor (Thermo) was then added to stop
the reaction. RFPs (ribosome footprints) were purified using MicroSpin S-400
HR columns (GE Healthcare), then isolated using TRIzol reagent. To enrich the
RFPs, Ribosomal RNAs were depleted from ribosome protected fragments
(RPFs) using the Ribo-Zero mammalian kit (Illumina) following the
manufacturer’s protocol then separated with a 17% 7.5M urea-PAGE gel.
RNA with sizes ranging from 26 nt to 30 nt were isolated and purified by
PAGE. cDNA sequencing libraries were prepared using the TruSeq Ribo
profile kit (Illumina) following the manufacturer’s instructions. Libraries were
sequenced on the HiSeq X Ten platform (Illumina). Two replicates were
analyzed for the shNC and shIGF2BP3 MKN-45 cells.

RNA-seq and bioinformatics
Total RNAs from shNC and shIGF2BP3 MKN-45 cells were extracted using
TRIzol reagent. After passing quality control, the libraries were generated
and sequenced with the Illumina HiSeq 4000 (PE150) according to the
protocol from the company (GENE DENOVO). RNA-seq reads were
preceded by removing adapters using cutadapt, mapped to reference
human genome sequence (Hg19). The read counts were expressed as
FPKM. The differential expression between conditions was statistically
assessed by R/Bioconductor package edgeR (version 3.0.8). Genes with p of
< 0.05 and > 200 bp were called as differentially expressed.

For Gene Set Enrichment Analysis (GSEA), standard procedure (http://
www.broadinstitute.org/gsea/doc/ GSEAUserGuideFrame.html) as described
by GSEA user guide was performed. The Molecular Signature Database
version 4.0 was used to compute overlaps between gene sets in Molecular
Signature Database and our gene set.

m6A-seq and data analysis
Total polyadenylated RNA was isolated from MKN-45 cells by using
FastTrack MAGMaxi mRNA isolation kit (Thermo). RNA fragmentation, m6A
RIP, and library preparation were conducted according to manufacturer’s
instructions and previously published protocol [31]. The library was
prepared by use of NEBNext Ultra Directional RNA Library Prep Kit (New
England BioLabs). Each experiment was conducted with two biological
replicates. m6A-seq data were analyzed according to protocols described
before [31]. Significant peaks with FDR < 0.05 were annotated to RefSeq
database (Hg19). Sequence motifs were identified by using Homer. Gene
expression was calculated by Cufflinks using sequencing reads from input
samples. Cuffdiff was used to find DE genes.

m6A-RIP qPCR
1 μg m6A (Synaptic Systems) or IgG antibody were incubated with Protein
G Magnetic beads in 1 × reaction buffer at 4 °C for 3 h, followed by
incubation with 200 μg extracted RNA at 4 °C for 3 h. Incubation of RNA-
antibody-conjugated beads with 100 µl elution buffer for 30min at room
temperature was used to elute the bound RNAs. The eluted RNAs were
recovered by ethanol precipitation, and RNA concentration was measured
with Qubit RNA HS Assay Kit (Thermo). Then 5 ng of the total RNA and m6A
IP RNA were further analyzed by RT-qPCR. IP enrichment ratio of a
transcript was calculated as the ratio of its amount in IP to that in the input
yielded from same amounts of cells.

Western blot analysis
Western blot analysis was performed as previously described [32]. The
antibodies used in present study were: IGF2BP3 (Abcam, ab177477, 1:1000),
β-Tubulin (Proteintech, 10094-1-AP, 1:1000), METTL3 (Abcam, ab195352,
1:1000), GAPDH (Proteintech, 60004-1-Ig, 1:1000), PARP (CST, 9532, 1:1000),
Caspase-3 (CST, 14220, 1:1000), Cytochrome c (CST, 4280, 1:1000), IRF1 (CST,
8478, 1:1000), IRF2 (Abcam, ab124744, 1:1000), Histone H3 (Abbkine,
ABL1070, 1:1000), STAT1 (CST, 14994, 1:1000), Phospho-STAT1 (CST, 9167,
1:1000), SP1 (Abcam, ab124804, 1:1000), NFAT1 (Abcam, ab92490, 1:1000),
eIF4E (Proteintech, 11149-1-AP, 1:1000). β-Tubulin, GAPDH and Histone H3
were used as the loading control for tissues and cells respectively.

Protein stability
CHX (100 μg/mL) was added to culture medium of the shNC and
shIGF2BP3 MKN-45 cells at predetermined intervals. The protein stability
of IRF1 was measured through western blot analysis.

Immunohistochemistry (IHC)
IHC assay was performed as described previously [33]. The antibodies used in
this study were: METTL3 (Abcam, ab195352, 1:500), METTL14 (Sigma,
HPA038002, 1:500), WTAP (Proteintech, 60188-1-Ig, 1:500), IGF2BP3 (Protein-
tech, 14642-1-AP, 1:500), IRF1 (CST, 8478, 1:100), NFAT1 (CST, 5861, 1:500).

Animal study
BALB/c nude mice (four weeks old) were purchased from Sun Yat-sen
University Animal Center (Guangzhou, China). All animal experiments were
performed according to protocols approved by Zhongshan School of
Medicine Policy on Care and Use of Laboratory Animals. To establish
human gastric cancer xenograft model in nude mice, shIGF2BP3 or shNC
MKN-45 cells (5 × 106 cells in 200 μl PBS) were injected into right flanks of
athymic nude mice (n= 5, male: female=3:2). Mice were euthanized
30 days after cell injection or if the longest dimension of the tumors
reached 2.0 cm before 30 days. Immediately following euthanasia, tumors
were removed and weighed for use in histology and further studies. The
tumor volume was calculated using the formula V= 1/2 × larger diameter
× (smaller diameter).

Statistics
Data were reported as mean ± SD from at least three independent
experiments. For statistical analysis, two-tailed unpaired Student’s t-test
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between two groups and by one-way or two-way ANOVA followed by
Bonferroni test for multiple comparison were performed. All statistical tests
were two-sided. Data analysis was carried out using GraphPad Prism. A
p-value of < 0.05 was considered significant. *p < 0.05, **p < 0.01; NS, no
significant.

RESULTS
Elevated IGF2BP3 expression is associated with poor
prognosis of GC patients
To identify the role of m6A modification in GC, we first examined
the expressions of m6A related enzymes in GC tissues and normal
gastric mucosa tissues. We found that the expressions of
methyltransferases METTL3 and METTL14 were significantly
upregulated in GC tissues compared to normal mucosa tissues
respectively, based on Cho Gastric, Wang Gastric and DErrico
Gastric datasets from the Oncomine database (Fig. S1). RT-qPCR
and IHC assays showed that expressions of METTL3 were elevated
in GC tumor tissues compared to para-tumor tissues (Figure S2A,
B). The m6A levels in GC tumor tissues were also distinctly higher
than those in para-tumor tissues (Fig. S2C). Using the Kaplan‐Meier
Plotter, we found that GC patients with increased mRNA levels of
METTL3, METTL14 and WTAP showed worse overall survival (OS)
(Fig. S2D).
The m6A functions are depend on the recognition by m6A

reader proteins, we further examined their expressions using the
GEPIA database. Among all known m6A reader proteins, we found
that the expressions of YTHDF3, IGF2BP2, IGF2BP3 and eIF3h in GC
tissues were significantly higher than those in normal mucosa
tissues respectively, particularly the differential expression of
IGF2BP3 showed the most remarkable variation between GC
tissues and normal mucosa tissues (Fig. 1A). Here, we also
identified that the fold changes of differential expressions of
IGF2BP3 were greatest between GC tissues and normal mucosa
tissues, according to Wang Gastric, Cho Gastric, DErrico Gastric
and Cui Gastric datasets from the Oncomine database (Fig. 1B).
Five paired GC tumor and para-tumor tissues were collected to
check the expressions of IGF2BP3. Consistently, RT-qPCR and
western blot assays revealed that expressions of IGF2BP3 were
also significantly elevated in GC tumor tissues compared to para-
tumor tissues (Fig. 1C, D). We further found that GC patients with
increased mRNA levels of IGF2BP3 showed poor OS using the
Kaplan‐Meier Plotter (Fig. 1E). Data from the UALCAN database
indicated the expressions of IGF2BP3 in GC tumor tissue with
different individual cancer stage, tumor grade, nodal metastasis
status and TP53 mutation status were all significantly higher than
those in normal mucosa tissues respectively, and the expressions
of IGF2BP3 in GC tumor tissues with TP53 mutation were
upregulated compared to those without TP53 mutation (Fig. S3).
Moreover, mRNA levels of IGF2BP3 also increased in multiple

different kinds of tumor (Fig. S4), indicating that IGF2BP3 may
harbor as potential oncogene across multiple cancer types. The
above results suggest that the m6A reader protein IGF2BP3 might
play the pivotal role in GC progression.

Inhibition of IGF2BP3 suppresses malignancy of GC cells
To confirm whether IGF2BP3 is an oncogenic factor in GC, we
established stable IGF2BP3-knockdown GC cell lines (MKN-45 and
AGS) using shRNAs (Fig. 2A). The downregulation of
IGF2BP3 significantly inhibited the wound healing of GC cells
(Fig. 2B) and invasion ability of AGS cells in vitro (Fig. 2C).
Knockdown of IGF2BP3 obviously suppressed the colony forma-
tion and proliferation abilities of GC cells (Fig. 2D, E). In addition,
knockdown of IGF2BP3 markedly provoked the expressions of
apoptosis markers such as Cytochrome c, PARP, Caspase-3 and
Cleaved caspase-3 in MKN-45 cells (Fig. 2F). We further inhibited
the expression of IGF2BP3 by using siRNA. The results showed that
knockdown of IGF2BP3 through siRNA could also significantly

increase the expression of Cleaved caspase-3 in MKN-45 cells (Fig.
S5A) and inhibit the wound healing of MKN-45 cells (Fig. S5B).

Identification of potential downstream targets of IGF2BP3
IGF2BP3 as a novel m6A reader protein, could promote mRNA
translation in a m6A-dependent manner. To verify whether
IGF2BP3 could affect translation in GC cells, we mapped the
ribosome profiles of shNC and shIGF2BP3 MKN-45 cells by
separating the RNA fractions: non-translating fraction (< 40S),
translation initiation fraction (＜ 80S, including 40S ribosomes, 60S
ribosomes, 80S monosomes) as well as translation active
polysomes (> 80S). Polysomes profiling supported the decreases
of 80S monosomes assembly and polysomes in shIGF2BP3 MKN-
45 cells (Fig. 3A), implying that translation of mRNAs were
inhibited during IGF2BP3 knockdown. To uncover the functional
downstream effectors and signaling pathways perturbed by
IGF2BP3, Ribo-seq and RNA-seq were performed in shNC and
shIGF2BP3 MKN-45 cells. IGF2BP3 knockdown profoundly altered
the abundance of ribosome protected mRNA fragments and
transcriptional gene expression (Fig. 3B, C). From Ribo-seq, we
detected 359 up-regulated and 704 down-regulated transcripts in
MKN-45 cells after IGF2BP3 knockdown (Fig. 3D). Gene ontology
(GO) enrichment analysis of these genes unveiled several enriched
pathways such as viral carcinogenesis, oxidative phosphorylation
(Fig. 3E). From RNA-seq, 83 up-regulated and 88 down-regulated
transcripts were identified in MKN-45 cells upon IGF2BP3 knock-
down (Fig. 3F). GSEA results for 50 typical hallmark gene sets
revealed that, among the up-regulated gene sets identified by
Ribo-seq and RNA-seq, the IFN alpha response and IFN gamma
response gene sets were all ranked in the top 2 in response to
IGF2BP3 knockdown (Fig. 3G–J, Tables S5–8), indicating that IFN
response related genes might be the key downstream targets of
IGF2BP3 in GC. Although IGF2BP3 has been shown to play a role in
promoting translation and RNA stability, considering the activa-
tion of IFN pathway could effectively inhibit GC progression and
development [34–36], the up-regulated IFN response after
IGF2BP3 knockdown identified by Ribo-seq and RNA-seq kindled
our interest.
To confirm whether IFN responses were activated after IGF2BP3

knockdown, we examined the expressions of typical interferon-
stimulated genes (ISGs) by RT-qPCR analysis. We identified that
expressions of several ISGs such as IRF1, IFI6, IFIT1, IFIT3, MX1,
OAS1 and ISG15 were significantly up-regulated in MKN-45 cells
upon IGF2BP3 knockdown (Fig. 4A), confirming that IFN responses
were activated. In addition, flow cytometric analysis of sensitivity
of antitumor drug revealed that knockdown of IGF2BP3 signifi-
cantly promoted the apoptosis of GC cells induced by IFN-γ (Fig.
4B). These results verify that IFN pathway is the key downstream
signaling regulated by IGF2BP3 in GC.

IRF1 is involved in IGF2BP3-regulated cell growth and
migration in GC cells
IRFs are the key transcription factors (TFs) involved in activating
IFN responses and regulating ISGs expressions. GSEA results
exhibited that, for Ribo-seq, enrichment plot of
STTTCRNTTT_IRF_Q6 was significantly up-regulated in response
to IGF2BP3 knockdown (Fig. 4C), displaying that IRFs might be the
key downstream targets of IGF2BP3 in GC. Among all IRFs family
members in mammals (IRF1 ~ IRF9), IRF1 and IRF2 play pivotal
roles in carcinogenesis [15]. We detected the protein expressions
of IRF1 and IRF2. Consequently, the results showed only IRF1 were
commonly up-regulated in MKN-45 and AGS cells after IGF2BP3
knockdown (Fig. 4D). We further inhibited the expression of
IGF2BP3 by using siRNA. As a result, we discovered that
knockdown of IGF2BP3 through siRNA can significantly increase
the protein expression of IRF1 in MKN-45 cells (Fig. S5A). These
data suggested that IRF1 might be regulated by IGF2BP3 in GC. As
a well-know tumor suppressor gene, functionally inactivating
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Fig. 1 Elevated expression of m6A reader IGF2BP3 is associated with poor prognosis of patients with GC. A The mRNA expressions of
YTHDF1, YTHDF2, YTHDF3, YTHDC1, YTHDC2, IGF2BP1, IGF2BP2, IGF2BP3, hnRNPC, hnRNPA2B1, eIF3b and eIF3h in GC tissues (408 cases)
compared with gastric normal tissues (211 cases) in the GEPIA database. B The relative mRNA expressions of IGF2BP3 in GC tissues compared
with gastric normal tissues in four independent datasets from the Oncomine database. C, D The relative mRNA (C) and protein (D) expressions
of IGF2BP3 in tumor and para-tumor tissues of GC patients were measured by RT-qPCR and western blot analysis respectively. E Correlation
between expression of IGF2BP3 and OS in GC patients analyzed by the Kaplan-Meier Plotter.
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Fig. 2 Inhibition of IGF2BP3 suppresses GC cell growth and migration in vitro. A The expressions of IGF2BP3 in MKN-45 and AGS cells
infected with two independent shRNAs targeting IGF2BP3 or a control shRNA were measured by western blot analysis (left) and quantitatively
analyzed (right), respectively. B Wound healing of shNC and shIGF2BP3 MKN-45 and AGS cells were recorded (up) and quantitatively analyzed
(down), respectively. C Migration and invasion of shNC and shIGF2BP3 AGS cells were recorded (left) and quantitatively analyzed (right),
respectively. D Colony formation of shNC and shIGF2BP3 MKN-45 and AGS cells were recorded (up) and quantitatively analyzed (down),
respectively. E Cell proliferation of shNC and shIGF2BP3 MKN-45 and AGS cells were detected using EdU staining, respectively. F The expressions of
Cytochrome c, PARP, Caspase-3 and Cleaved caspase-3 in shNC and shIGF2BP3 MKN-45 cells were measured by western blot analysis.
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Fig. 3 Identification of the targets of IGF2BP3 in GC cells by Ribo-seq and RNA-seq. A Polysome profiling of shNC and shIGF2BP3 MKN-45
cells were analyzed. B, C Differentially expressed genes (DEGs, |fold change| ≥ 2 and p < 0.05) between shNC (control) and shIGF2BP3 MKN-45
cells were identified by Ribo-seq (B) and RNA-seq (C) were presented in heatmaps, respectively. D, E DEGs (|fold change| ≥ 2 and p < 0.05)
between shNC and shIGF2BP3 MKN-45 cells identified by Ribo-seq were presented in number statistics (D) and GO enrichment analysis (E).
F DEGs (|fold change| ≥ 2 and p < 0.05) between shNC and shIGF2BP3 MKN-45 cells identified by RNA-seq were presented in number statistics
analysis. G, H GSEA for Interferon Alpha/Gamma Response gene sets between shNC and shIGF2BP3 MKN-45 cells were identified by Ribo-seq.
I, J GSEA for Interferon Alpha/Gamma Response gene sets between shNC and shIGF2BP3 MKN-45 cells were identified by RNA-seq.

L. Ge et al.

7

Cell Death and Disease          (2024) 15:192 



Fig. 4 IRF1 is involved in IGF2BP3-regulated cell growth and migration in GC cells. A The relative mRNA expressions of IRF1, IRF2, IRF9, IFI6,
IFIT1, IFIT3, MX1, OAS1 and ISG15 in shNC and shIGF2BP3 MKN-45 cells were investigated by qRT-PCR analysis. B Cell apoptosis of shNC and
shIGF2BP3 MKN-45 cells after treated with IFN-γ (50 ng/mL) for 48 h were measured by flow cytometric analysis, respectively. C Gene expressions in
STTTCRNTTT_IRF_Q6 set of shNC and shIGF2BP3 MKN-45 cells identified by Ribo-seq were performed with GSEA. D The expressions of IRF1 and IRF2
in shNC and shIGF2BP3 MKN-45 and AGS cells were measured by western blot analysis (up) and quantitatively analyzed (down), respectively. E The
expressions of IRF1 in shNC and shIGF2BP3 MKN-45 cells after transfected with siRNA targeting IRF1 (si-IRF1_001) or a negative control siRNA (siNC)
for 48 h were measured by western blot analysis, respectively. F Colony formation of shNC and shIGF2BP3 MKN-45 cells after transfected with
siIRF1(si-IRF1_001, si-IRF1_002) or siNC for 48 h were recorded (left) and quantitatively analyzed (right), respectively. G Wound healing of shNC and
shIGF2BP3 MKN-45 cells after transfected with siIRF1 (si-IRF1_001) or siNC for 48 h were recorded (left) and quantitatively analyzed (right), respectively.
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point mutation of IRF1 was reported in GC [17], high frequency of
loss of heterozygosity of the IRF1 locus on chromosome 5q has
been frequently observed in GC [16], suggesting that IRF1 plays an
important role in the pathology of GC.

We next tested whether IGF2BP3 promotes GC via regulation of
IRF1. Indeed, after inhibiting the expression of IRF1 by using siRNA
(Fig. 4E), the effects of IGF2BP3 knockdown on GC cell wound
healing and colony formation ability were abolished (Fig. 4F, G).

L. Ge et al.

9

Cell Death and Disease          (2024) 15:192 



Fig. 5 IGF2BP3 regulates the transcription and mRNA stability of IRF1. A The protein expressions of IRF1 in shNC and shIGF2BP3 MKN-45 cells
after treated with CHX (10 μg/mL) for indicated times were examined by western blot analysis (left) and quantitatively analyzed (right). B The relative
mRNA expressions of IRF1 in shNC and shIGF2BP3 MKN-45 cells were examined by RT-qPCR analysis. C The relative mRNA expressions of IRF1 in
shNC and shIGF2BP3 MKN-45 cells after treated with ACTD (2 μM) for indicated times were examined by RT-qPCR analysis. D IGF2BP3 RIP-qPCR
analysis of IRF1 mRNA in MKN-45 cells. E The binding capacity between IRF1 mRNA and IGF2BP3 protein in MKN-45 and AGS cells were examined by
RNA pulldown and western blot analysis, respectively. MYC mRNA as the classical target of IGF2BP3 [40] was used as positive control. F Protein
expressions of IGF2BP3 in cytoplasm and nucleus of MKN-45 and AGS cells were measured by subcellular fractionation and western blot analysis,
respectively. The GAPDH and Histone H3 were used as cytoplasmic control and nuclear control respectively. G Schematic representation of pGL3-
Basic-IRF1 promoter reporter plasmid to investigate the role of IGF2BP3 on IRF1 promoter activities. H shNC and shIGF2BP3 MKN-45 cells were co-
transfected with pGL3-Basic-IRF1 promoter reporter plasmid and pRL-TK plasmid for 24 h or 48 h. The promoter activities were determined as a
relative signal of F-luc divided by R-luc.
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These results suggest that IGF2BP3 promotes GC progression via
regulating IRF1.

IGF2BP3 regulates the transcription and mRNA stability
of IRF1
We examined whether IGF2BP3 regulates IRF1 expression by
affecting its protein stability. MKN-45 cells after IGF2BP3 knock-
down were pretreated with CHX to block protein translation.
There was no obvious difference of degradation rate of IRF1
protein in the presence of CHX, suggesting that IGF2BP3-induced
IRF1 expression was not related to protein stability (Fig. 5A). These
results manifest that IGF2BP3 may regulate IRF1 expression in
other dimension rather than at the protein level.
On the basis of the apparently increased mRNA levels of IRF1

upon IGF2BP3 knockdown (Fig. 5B), we conjectured that IGF2BP3
might modulate IRF1 at the RNA level. We treated shNC and
shIGF2BP3 MKN-45 cells with ACTD to block transcription. Results
showed IGF2BP3 knockdown can increase the mature mRNA
stability of IRF1 in MKN-45 cells (Fig. 5C), indicating inhibition of
IGF2BP3 may delay the degradation of mature mRNA of IRF1 in GC
cells. However, IGF2BP3-RIP-qPCR analysis showed there was no
binding capacity between IGF2BP3 protein and IRF1 mRNA in
MKN-45 cells (Fig. 5D). RNA pulldown assay exhibited that there
was no obvious binding ability between IRF1 mRNA and IGF2BP3
protein in GC cells (Fig. 5E). Moreover, IGF2BP3 protein and IRF1
mRNA mainly distributed in the cytoplasm and nucleus respec-
tively by subcellular fractionation (Fig. 5F, Fig. S6). These results
indicate IGF2BP3 regulates IRF1 expression instead of through
directly binding with IRF1 mRNA.
To plumb whether IGF2BP3 regulates IRF1 expression through

transcription control, we firstly generated the promoter-reporter of
IRF1 via inserting 820 bp upstream to 138 bp downstream of
transcription start site (TSS) of IRF1 to pGL3-Basic plasmid (Fig. 5G).
The luciferase assay showed that the promoter activities of IRF1 in
shIGF2BP3 MKN-45 cells were visibly greater than those in shNC
MKN-45 cells (Fig. 5H). All these data confirm that IGF2BP3 regulates
the transcription and mRNA stability of IRF1 in an indirect manner.

NFAT1 mediates IGF2BP3-induced transcription of IRF1
We sought to unmask the molecular mechanism by which
IGF2BP3 regulates transcription of IRF1. Considering the activation
of STAT1 signal pathway is the major determinant for IFN-γ-
induced transcription of IRF1 [37], we hypothesized that up-
regulation of IRF1 by IGF2BP3 may depend on activation of STAT1.
To test this, we firstly activated STAT1 by using IFN-γ. The result
showed the expressions of IRF1 were concentration-dependent

effects of IFN-γ (Fig. 6A). Consistent with the effects induced by
IFN-γ, the expressions of IRF1 and phosphorylated STAT1 were up-
regulated in MKN-45 cells upon IGF2BP3 knockdown (Fig. 6B). We
treated shNC and shIGF2BP3 MKN-45 cells with Fludarabine
(FAMP) to inhibit the activation of STAT1. However, no obvious
attenuation of IRF1 induced by IGF2BP3 knockdown were
observed (Fig. 6C). Thus, we may speculate that STAT1 was not
involved in the regulation of IRF1 induced by IGF2BP3 in GC cells.
Since IGF2BP3 generally regulates gene expression in post-

transcript level, we hypothesize that IGF2BP3 might regulate IRF1
by indirectly targeting its TFs. To characterize potential TFs of IRF1
involved in IGF2BP3-regulated genes, we identified two genes
(SP1, NFAT1) overlapping among the predicted TFs of IRF1 by
using the PROMO (http://alggen.lsi.upc.es/), downregulation of
transcripts based on Ribo-seq data after IGF2BP3 knockdown and
upregulation of genes in clinical GC tissues in the GEPIA database
(Fig. 6D). Next, we checked the expressions of SP1 and NFAT1 in
GC cells. The results showed that only NFAT1 were remarkably
down-regulated both in MKN-45 and AGS cells after IGF2BP3
knockdown (Fig. 6E). These data indicated that NFAT1 might be
involved in IGF2BP3-induced expression change of IRF1. Recent
studies demonstrated NFAT1 significantly upregulated in GC
tumor tissues compared with the adjacent non-tumor tissues, and
NFAT1 signaling was activated in tumorigenesis of GC [38, 39].
To confirm the role of NFAT1 on IRF1 expression, MKN-45 cells

were transfected with expression vectors of NFAT1. Our data
illustrated that the overexpression of NFAT1 attenuated IGF2BP3-
induced expression change of IRF1 (Fig. 6F). The dual-luciferase
assay showed that overexpression of NFAT1 rescued IGF2BP3-
induced change of IRF1 promoter activities (Fig. 6G). Inhibition of
NFAT1 promoted the mRNA expressions and promoter activities of
IRF1, and overexpression of NFAT1 decreased the mRNA expres-
sions and promoter activities of IRF1 (Fig. 6H–J). These results
suggest that NFAT1 negatively regulates the expressions and
promoter activities of IRF1 in GC cells. To verify the direct
combining effect of NFAT1 protein with IRF1 DNA, we identified
the recognition consensus motif of NFAT1 via the JASPAR analysis
(Fig. 6K). We further performed the sequence alignment in IRF1
promoter region (−820 ~+138 bp). Our data showed there were
two potential binding sites (P1, P2) of NFAT1 protein in IRF1
promoter region (Fig. 6L).
To probe the role of these binding sites in IGF2BP3-induced

change of IRF1 promoter activities, we firstly examined the
combining effect of NFAT1 protein with above sites in IRF1
promoter region. ChIP-qPCR assays demonstrated that NFAT1 had
a remarkable enrichment of IRF1 promoter over IgG control in

Fig. 6 IGF2BP3 regulates IRF1 via its upstream transcription factor NFAT1. A The protein expressions of IRF1, p-STAT1 and STAT1 in MKN-45
cells after treated with indicated dose of IFN-γ for 48 h were examined by western blot analysis. B The protein expressions of IRF1 and p-STAT1
in shNC and shIGF2BP3 MKN-45 cells were examined by western blot analysis. C The protein expressions of IRF1, p-STAT1 and STAT1 in shNC
and shIGF2BP3 MKN-45 cells after treated with FAMP for 24 h were examined by western blot analysis. D Overlapping genes of TFs of IRF1
predicted by the PROMO (Maximun matrix dissimilarity rate: 10%), downregulation (|fold change| ≥ 1.5) in shIGF2BP3 MKN-45 cells compared
with shNC MKN-45 cells based on Ribo-seq data and upregulation in GC tissues based on the GEPIA were identified; E The protein expressions
of SP1 and NFAT1 in shNC and shIGF2BP3 MKN-45 and AGS cells were examined by western blot analysis, respectively. F The expressions of
IRF1 in shNC and shIGF2BP3 MKN-45 cells after transfected over expression plasmid targeting NFAT1 or vector control for 48 h were measured
by western blot analysis, respectively. G shNC and shIGF2BP3 MKN-45 cells were co-transfected with NFAT1 over expression or vector control
plasmid, pGL3-Basic-IRF1 promoter reporter plasmid and pRL-TK plasmid for 24 h. The promoter activities were determined as a relative signal
of F-luc divided by R-luc. H Protein expressions of NFAT1 in MKN-45 cells were measured by western blot analysis after transfected siRNA or
over expression plasmid targeting NFAT1 for 48 h, respectively. I After transfected siRNA or over expression plasmid targeting NFAT1 for 48 h,
the relative mRNA expressions of IRF1 in MKN-45 cells were investigated by qRT-PCR analysis. J After transfected siRNA or over expression
plasmid targeting NFAT1 for 24 h, MKN-45 cells were co-transfected with pGL3-Basic-IRF1 promoter reporter plasmid and pRL-TK plasmid for
24 h. The promoter activities were determined as a relative signal of F-luc divided by R-luc. K The consensus sequences of TF binding sites in
IRF1 promoter region were predicted by motif analysis from the JASPAR database. L The specific TF binding sites in IRF1 promoter region were
predicted. M The binding between NFAT1 protein and specific TF binding sites in IRF1 promoter region in MKN-45 cells were measured by
ChIP-qPCR assay. N Schematic representation of mutated (TCC to AGG) promoter region of pGL3-Basic-IRF1 promoter reporter plasmid to
investigate the role of specific TF binding sites on IRF1 promoter activities. O shNC and shIGF2BP3 MKN-45 cells were co-transfected with wild-
type pGL3-Basic-IRF1 promoter reporter plasmid or mutated (TCC to AGG) promoter plasmid and pRL-TK plasmid for 24 h. The promoter
activities were determined as a relative signal of F-luc divided by R-luc.
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both P1 and P2 site (Fig. 6M), indicating a direct binding between
NFAT1 and IRF1 promoter. We then testified whether above sites
can regulate IGF2BP3-induced change of IRF promoter activities.
We mutated the two NFAT1 potential binding sites of promoter
reporter of IRF1 to generate the pGL3-IRF1-Mut 1 and pGL3-IRF1-

Mut 2 (Fig. 6N). The dual-luciferase assay showed that mutation of
both P1 and P2 sites attenuated IGF2BP3-induced change of IRF1
promoter activities, while the effect induced by mutation of P2 site
was greater than that of P1 site (Fig. 6O). All these data suggest
that NFTA1 might be responsible for the IGF2BP3-induced up-
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regulation of IRF1 expression in GC cells via binding to the
promoter-specific sites of IRF1 to promote its transcription.

IGF2BP3 regulates NFAT1 in a m6A-dependent manner
We further investigated the potential mechanism by which IGF2BP3
regulates the expression of NFAT1. Firstly, we checked the mRNA
expressions of NFAT1 in shNC and shIGF2BP3 MKN-45 cells. The
results showed that mRNA levels of NFAT1 were significantly
decreased in MKN-45 cells after IGF2BP3 knockdown (Fig. 7A). RNA
stability assay showed IGF2BP3 knockdown decreased the mature
mRNA stability of NFAT1 in MKN-45 cells (Fig. 7B), indicating
inhibition of IGF2BP3 may accelerate the degradation of mature
mRNA of NFAT1 in GC cells. Polysomes profiling supported that the
abundance of NFAT1 mRNA in translation initiation fraction
(including 40S, 60S, and 80S) of shIGF2BP3 MKN-45 cells were
significantly lower than those of shNC MKN-45 cells (Fig. 7C). In
addition, eIF4E-RIP-qPCR analysis showed that eIF4E had a greater
enrichment capacity of NFAT1 mRNA over IgG control (Fig. 7D),
indicating a direct binding between eIF4E protein and NFAT1 mRNA.
Although IGF2BP3 knockdown could not affect the binding ability
between eIF4E protein and NFAT1 mRNA, it significantly decreased
the protein expression of eIF4E (Fig. 7E). Above data suggest that
IGF2BP3 regulates the mRNA stability and translation initiation of
NFAT1 in GC cells.
As a novel m6A reader protein, IGF2BP3 exerts its biological effects

by recognizing and combining with m6A sites in mRNA. IGF2BP3-RIP-
qPCR analysis showed that, IGF2BP3 had a greater enrichment
capacity of NFAT1 mRNA over IgG control (Fig. 7F). IGF2BP3 protein
and NFAT1 mRNA mainly distributed in the cytoplasm by subcellular
fractionation (Fig. 5F, Fig. S6). These results indicate the direct binding
between IGF2BP3 protein and NFAT1 mRNA in GC cells. To study
whether IGF2BP3 regulates NFAT1 in a m6A-dependent manner,
METTL3 knockdown stable cell lines of MKN-45 and AGS were
constructed respectively by using shRNA. We found the protein
expressions of NFAT1 were significantly decreased in MKN-45 and
AGS cells after METTL3 knockdown, indicating that m6A might be
relevant to IGF2BP3-induced expression change of NFAT1 (Fig. 7G).
We further performed the m6A-seq in shNC and shIGF2BP3 MKN-45
cells, data showed GGAC motif was highly enriched within m6A sites
in MKN-45 cells (Fig. 7H), and the m6A signal peaks were especially
abundant in the regions of CDS and 3’ UTR (Fig. 7I). For NFAT1 mRNA,
the m6A signal peaks were mainly enriched in 3’ UTR regions (Fig. 7J).
The m6A-RIP qPCR assay demonstrated that NFAT1 mRNA had a
remarkable enrichment capacity of m6A over IgG control in both
shNC and shMELLT3 MKN-45 cells, and the m6A signal significantly
weakened upon MELLT3 knockdown (Fig. 7K), indicating METTL3
could regulate the m6A of NFAT1 mRNA. In addition, the binding
between IGF2BP3 protein and NFAT1 mRNA was remarkably
decreased after METTL3 knockdown (Fig. 7L).
To explore the potential roles of m6A on NFAT1 expression

induced by IGF2BP3, we firstly ascertained there were three

potential m6A sites (GGAC) in NFAT1 3’UTR region (Fig. 7M). We
further constructed pmir-GLO-3’UTR reporters containing wild
type NFAT1 3’UTR and mutant 1/2/3 NFAT1 3’UTR (GGAC to GGCC)
after the firefly luciferase reporter gene (Fig. 7N, O). The dual-
luciferase assay showed that mutation of the first m6A site
attenuated IGF2BP3-induced change of relative luciferase activity
(Fig. 7P). Above results suggest that IGF2BP3 regulates the
expression of NFAT1 by affecting the stability and translation of
its mRNA in a m6A-dependent manner in GC cells.

NFAT1/IRF1 axis is involved in IGF2BP3-regualted GC
progression in vivo
Xenografts were used to investigate the potential effects of IGF2BP3
on GC progression in vivo. The shNC and shIGF2BP3 MKN-45 cells
were injected subcutaneously into nude mice, respectively. Mice
were euthanized after three weeks or when the tumor diameters
were more than 2.0 cm for each group. Results showed that
knockdown of IGF2BP3 markedly reduced the tumor volumes and
weights of xenografts in nude mice (Fig. 8A–C), suggesting IGF2BP3
plays an oncogenic role in GC progression in vivo. IHC results
showed that IGF2BP3 knockdown led to a lower level of NFAT1 and
higher level of IRF1 in xenograft tumor tissues (Fig. 8D). We further
found the expressions of eIF4E and NFAT1 were significantly
upregulated in GC tumor tissues than normal mucosa respectively in
the GEPIA database (Fig. 8E, F). In addition, there was a significantly
positive correlation between the IGF2BP3 and NFAT1 mRNA
expressions in tumor tissues from 414 cases with GC in the OncoDB
database (Fig. 8G). Moreover, we found that the GC patients with
high mRNA expressions of eIF4E and NFAT1 showed poor OS, while
the GC patients with high mRNA expressions of IRF1 showed better
OS by using the Kaplan‐Meier Plotter (Fig. 8H–J). Our data suggest
that dysregulation of IGF2BP3-induced disorder of NFAT1/IRF1 axis
might be the key factors driving GC progression (Fig. 8K).

DISCUSSION
Increasing studies revealed that disorder of m6A could trigger
cancer progression [11]. As novel family of m6A reader proteins,
IGF2BPs are composed of two RNA recognition motif (RRM)
domains and four K homology (KH) domains. IGF2BP1/2/3 could
regulate gene expression by promoting the mRNA stability and
translation in an m6A-dependent manner [40]. IGF2BP3 was
reported to be overexpressed in various kinds of tumor [41],
indicating it might be the potential oncogene. In this study, we
demonstrate that IGF2BP3 can regulate the progression of GC. In
brief, IGF2BP3 was highly expressed in GC tissues and high
expression of IGF2BP3 significantly associated with poor OS,
indicating it might be the key factor driving GC progression.
Knockdown of IGF2BP3 suppressed the in vitro migration, colony
formation ability, cell proliferation and induced apoptosis of
GC cells.

Fig. 7 IGF2BP3 regulates NFAT1 stabilization and translation in a m6A-dependent manner. A The relative mRNA expressions of NFAT1 in
shNC and shIGF2BP3 MKN-45 cells were investigated by qRT-PCR analysis. B The relative mRNA expressions of NFAT1 in shNC and shIGF2BP3
MKN-45 cells after treated with ACTD (2 μM) for indicated times were examined by RT-qPCR analysis. C The relative mRNA expressions of
NFAT1 in non-ribosome portion (< 40S), 40S, 60S, 80S, and polysomes of shNC and shIGF2BP3 MKN-45 cells were examined by RT-qPCR
analysis. D The binding between eIF4E protein and NFAT1 mRNA in shNC and shIGF2BP3 MKN-45 cells were measured by RIP-qPCR assay.
E The expressions of eIF4E in shNC and shIGF2BP3 MKN-45 cells were measured by western blot analysis. F The binding between IGF2BP3
protein and NFAT1 mRNA in MKN-45 cells were measured by RIP-qPCR assay. G The expressions of NFAT1 in shNC and shMETTL3 MKN-45 and
AGS cells were measured by western blot analysis, respectively. H Predominant consensus motifs GGAC were identified in shNC (up) and
shIGF2BP3 (down) MKN-45 cells based on m6A-seq data. I Distribution of m6A peaks across mRNA transcripts in shNC and shIGF2BP3 MKN-45
cells. J The m6A signal peaks enriched in the 3’UTR of NFAT1 mRNA were identified by m6A-seq data. K The m6A level of NFAT1 mRNA in shNC
and shMETTL3 MKN-45 cells were measured by m6A-RIP-qPCR assay. L The binding between IGF2BP3 protein and NFAT1 mRNA in shNC and
shMETTL3 MKN-45 cells were measured by RIP-qPCR assay. M Schematic representation of potential m6A sites (GGAC) in NFAT1 mRNA.
N Schematic representation of pmirGLO-NFAT1-3’UTR vector. O Schematic representation of mutation (GGAC to GGCC) in 3’UTR to investigate
the roles of m6A on NFAT1 expression. P shNC and shIGF2BP3 MKN-45 cells were transfected with pmirGLO-NFAT1-3’UTR-WT or pmirGLO-
NFAT1-3’UTR-Mut1/2/3 reporter for 48 h, the relative luciferase activities of F-Luc/R-Luc were measured.
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Fig. 8 IGF2BP3/NFAT1/IRF1 axis regulate in vivo GC progression. A The shNC and shIGF2BP3 MKN-45 cells were subcutaneously injected
into the nude mice (n= 5). Tumor volume was monitored every five days, and tumor growth curves were generated. B, C Images (B) and
volumes (C) of xenografted tumor tissues were analyzed. D The expressions of IGF2BP3, NFAT1 and IRF1 in xenograft tumor tissues were
examined by IHC assay. E, F The relative mRNA expressions of eIF4E (E) and NFAT1 (F) in GC tissues compared with gastric normal tissues from
the GEPIA database. G Correlation between IGF2BP3 and NFAT1 mRNA expressions in GC tissues were analyzed from the OncoDB database.
H–J Correlation between the expression of eIF4E (H), NFAT1 (I), IRF1 (J) and OS in GC patients were analyzed by the Kaplan-Meier Plotter. K The
graphic illustration of IGF2BP3/NFAT1/IRF1 axis regulate GC progression.
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IGF2BP3 regulates the stability and translation of m6A-modified
mRNA [40]. We found that knockdown of IGF2BP3 inhibited the
translation of GC cells. Ribo-seq, RNA-seq and GSEA results
showed that the IFN α/γ response gene sets were remarkably
upregulated in response to IGF2BP3 knockdown. Particularly, IRF1
as a key TF of activating IFN responses, was up-regulated after
IGF2BP3 knockdown. As a well-known tumor suppressor gene,
IRF1 was reported to regulate cancer progression via suppressing
proliferation and epithelial-mesenchymal transition, inducing
apoptosis of cancer cells [15]. Our data showed that knockdown
of IGF2BP3 suppressed the in vitro migration, colony formation
ability of GC cells, which could be alleviated by the inhibition of
IRF1. We identified that IRF1 was indirectly regulated by IGF2BP3,
but essential in IGF2BP3-regulated GC progression.
The m6A reader proteins exert its functions via recognizing

and binding with the m6A sites in mRNA. However, our data
revealed that IGF2BP3 protein could not directly bind with IRF1
mRNA in GC cells. We further found knockdown of IGF2BP3
increased the mRNA expression and promoter activity of IRF1,
indicating IGF2BP3 might indirectly regulate IRF1 via transcript
control. Results based on Ribo-seq, TFs predictive analysis and
further verification, we identified the NFAT1 was the potential
TF of IRF1. Knockdown of IGF2BP3 increased the mRNA
expression and promoter activity of IRF1, which could be
attenuated by the overexpression of NFAT1. Results from ChIP
assay verified the binding between NFAT1 and IRF1 promoter.
Moreover, we identified NFAT1 prefered to bind with the
specific two sites in promoter region of IRF1 and then trigger
its transcript activity. Inhibition and overexpression of NFAT1
could promote and decrease the mRNA expression and
promoter activities of IRF1 respectively. Our data suggest that
NFTA1 negatively regulates the promoter activity and expres-
sion of IRF1 in GC cells.
To dissect the mechanism how IGF2BP3 regulate NFAT1

expression in GC, we applied the strategy by combining RIP-
qPCR, polysomes profiling, m6A-seq and m6A RIP-qPCR. Results
from RIP-qPCR identified the direct binding between IGF2BP3
protein and NFAT1 mRNA. Knockdown of IGF2BP3 accelerated the
degradation of mature mRNA of NFAT1 in GC cells. Polysomes
profiling supported that translation initiation of NFAT1 mRNA was
inhibited during IGF2BP3 knockdown. Meanwhile, translation
initiation factor eIF4E decreased upon IGF2BP3 knockdown.
METTL3 knockdown also could down-regulate the expression of
NFAT1, indicating that m6A might involve in IGF2BP3-induced the
expression change of NFTA1. Results from m6A-seq and m6A RIP-
qPCR showed that the m6A signal peaks of NFAT1 mRNA were
enriched in its 3’ UTR region. Moreover, knockdown of METTL3
could reduce the m6A signal in the NFAT1 mRNA and suppress the
binding between IGF2BP3 protein and NFAT1 mRNA. We further
ascertained that mutation of the specific m6A site in NFAT1 3’UTR
attenuated IGF2BP3-induced change of NFAT1 translational
activities. These data support that IGF2BP3 negatively mediate
IRF1 expression through regulating the stability and translation
initiation of NFAT1 mRNA. Further, in vivo data suggest that
IGF2BP3 plays an oncogenic role in GC progression. Clinical
analysis confirms there is negative correlation between the
IGF2BP3 and NFAT1 mRNA expressions in GC tissues. High
expression of NFAT1 and low expression of IRF1 are associated
with the reduced OS in GC patients.
Recent reports have shown that m6A reader protein could

function as a negative regulator of IFN response to regulate innate
immune response. Deletion of YTHDF2 significantly activated the
type I IFN response, then increased the expression of ISGs, finally
inhibited the virus replication and spread [42]. YTHDF3 negatively
regulated type I IFN-mediated antiviral innate immune response,
exerted its functions of promoting the virus replication; YTHDF3
defective mice effectively combated viral infections [43]. Our study
provide a new insight into the function of IGF2BP3 in IFN

responses, suggested IGF2BP3 may function as a negative
regulator of IFN response to regulate GC progression.
In summary, our findings reveal the oncogenic role of IGF2BP3

in GC progression. Mechanistically, dysregulation of IGF2BP3-
induced disorder of NFAT1/IRF1 axis is the key factor driving GC
progression. IGF2BP3 regulates the stability and translation of
NFAT1 mRNA in a m6A-dependent manner, and NFAT1 negatively
mediates tumor suppressor IRF1 expression through regulating its
transcription. Moreover, IGF2BP3 expression is significantly
increased in GC tissues and the high expression is correlated
with poor prognosis of patients with GC. Thus, IGF2BP3 could be
used as a potential therapeutic target for GC. The roles of IGF2BP3
in IFN response in other types of cancer need further investigation.

DATA AVAILABILITY
All data associated with this study are presented in the paper and its supplemental
materials.

REFERENCES
1. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I, Jemal A, et al. Global

Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and Mortality World-
wide for 36 Cancers in 185 Countries. CA Cancer J Clin. 2021;71:209–49.

2. He Y, Liang D, Li D, Shan B, Zheng R, Zhang S, et al. Incidence and mortality of
laryngeal cancer in China, 2015. Chin J Cancer Res. 2020;32:10–7.

3. Desrosiers R, Friderici K, Rottman F. Identification of methylated nucleosides in
messenger RNA from Novikoff hepatoma cells. Proc Natl Acad Sci USA.
1974;71:3971–5.

4. Dominissini D, Moshitch-Moshkovitz S, Schwartz S, Salmon-Divon M, Ungar L,
Osenberg S, et al. Topology of the human and mouse m6A RNA methylomes
revealed by m6A-seq. Nature. 2012;485:201–6.

5. Meyer KD, Saletore Y, Zumbo P, Elemento O, Mason CE, Jaffrey SR. Compre-
hensive analysis of mRNA methylation reveals enrichment in 3’ UTRs and near
stop codons. Cell. 2012;149:1635–46.

6. Liu J, Yue Y, Han D, Wang X, Fu Y, Zhang L, et al. A METTL3-METTL14 complex
mediates mammalian nuclear RNA N6-adenosine methylation. Nat Chem Biol.
2014;10:93–5.

7. Ping XL, Sun BF, Wang L, Xiao W, Yang X, Wang WJ, et al. Mammalian WTAP is a
regulatory subunit of the RNA N6-methyladenosine methyltransferase. Cell Res.
2014;24:177–89.

8. Jia GF, Fu Y, Zhao X, Dai Q, Zheng GQ, Yang Y. et al. N6-Methyladenosine in
nuclear RNA is a major substrate of the obesity-associated FTO. Nat Chem Biol.
2011;7:885–7.

9. Zheng GQ, Dahl JA, Niu YM, Fedorcsak P, Huang CM, Li CJ, et al. ALKBH5 Is a
Mammalian RNA Demethylase that Impacts RNA Metabolism and Mouse Fertility.
Mol Cell. 2013;49:18–29.

10. Roundtree IA, Evans ME, Pan T, He C. Dynamic RNA modifications in gene
expression regulation. Cell. 2017;169:1187–200.

11. Lan Q, Liu PY, Haase J, Bell JL, Huttelmaier S, Liu T. The Critical Role of RNA m6A
Methylation in Cancer. Cancer Res. 2019;79:1285–92.

12. Wang Q, Chen C, Ding Q, Zhao Y, Wang Z, Chen J, et al. METTL3-mediated m6A
modification of HDGF mRNA promotes gastric cancer progression and has
prognostic significance. Gut. 2020;69:1193–205.

13. Xu X, Zhou E, Zheng J, Zhang C, Zou Y, Lin J, et al. Prognostic and Predictive Value of
m6A “Eraser” related gene signature in gastric cancer. Front Oncol. 2021;11:631803.

14. Parker BS, Rautela J, Hertzog PJ. Antitumour actions of interferons: implications
for cancer therapy. Nat Rev Cancer. 2016;16:131–44.

15. Alsamman K, El-Masry OS. Interferon regulatory factor 1 inactivation in human
cancer. Biosci Rep. 2018;38:BSR20171672.

16. Tamura G, Ogasawara S, Nishizuka S, Sakata K, Maesawa C, Suzuki Y, et al. Two
distinct regions of deletion on the long arm of chromosome 5 in differentiated
adenocarcinomas of the stomach. Cancer Res. 1996;56:612–5.

17. Nozawa H, Oda E, Ueda S, Tamura G, Maesawa C, Muto T, et al. Functionally
inactivating point mutation in the tumor-suppressor IRF-1 gene identified in
human gastric cancer. Int J Cancer. 1998;77:522–7.

18. Fric J, Zelante T, Wong AY, Mertes A, Yu HB, Ricciardi-Castagnoli P. NFAT control
of innate immunity. Blood. 2012;120:1380–9.

19. Muller MR, Rao A. NFAT, immunity and cancer: a transcription factor comes of
age. Nat Rev Immunol. 2010;10:645–56.

20. Jauliac S, Lopez-Rodriguez C, Shaw LM, Brown LF, Rao A, Toker A. The role of
NFAT transcription factors in integrin-mediated carcinoma invasion. Nat Cell Biol.
2002;4:540–4.

L. Ge et al.

15

Cell Death and Disease          (2024) 15:192 



21. Kaunisto A, Henry WS, Montaser-Kouhsari L, Jaminet SC, Oh EY, Zhao L, et al.
NFAT1 promotes intratumoral neutrophil infiltration by regulating IL8 expression
in breast cancer. Mol Oncol. 2015;9:1140–54.

22. Baumgart S, Glesel E, Singh G, Chen NM, Reutlinger K, Zhang J, et al. Restricted
heterochromatin formation links NFATc2 repressor activity with growth promo-
tion in pancreatic cancer. Gastroenterology. 2012;142:388–98.

23. Shoshan E, Braeuer RR, Kamiya T, Mobley AK, Huang L, Vasquez ME, et al. NFAT1
Directly Regulates IL8 and MMP3 to Promote Melanoma Tumor Growth and
Metastasis. Cancer Res. 2016;76:3145–55.

24. Rhodes DR, Kalyana-Sundaram S, Mahavisno V, Varambally R, Yu JJ, Briggs BB,
et al. Oncomine 3.0: Genes, pathways, and networks in a collection of 18,000
cancer gene expression profiles. Neoplasia. 2007;9:166–80.

25. Tang ZF, Li CW, Kang BX, Gao G, Li C, Zhang ZM. GEPIA: a web server for cancer
and normal gene expression profiling and interactive analyses. Nucleic Acids Res.
2017;45:W98–102.

26. Tang GY, Cho MS, Wang XW. OncoDB: an interactive online database for analysis
of gene expression and viral infection in cancer. Nucleic Acids Res.
2022;50:D1334–9.

27. Gyorffy B. Discovery and ranking of the most robust prognostic biomarkers in
serous ovarian cancer. Geroscience. 2023;45:1889–98.

28. Chandrashekar DS, Karthikeyan SK, Korla PK, Patel H, Shovon AR, Athar M, et al.
UALCAN: An update to the integrated cancer data analysis platform. Neoplasia.
2022;25:18–27.

29. Ge L, Zhang N, Chen Z, Song J, Wu Y, Li Z, et al. Level of N6-Methyladenosine in
Peripheral Blood RNA: A Novel Predictive Biomarker for Gastric Cancer. Clin
Chem. 2020;66:342–51.

30. Calviello L, Mukherjee N, Wyler E, Zauber H, Hirsekorn A, Selbach M, et al.
Detecting actively translated open reading frames in ribosome profiling data. Nat
Methods. 2016;13:165–70.

31. Wang X, Zhao BS, Roundtree IA, Lu ZK, Han DL, Ma HH. et al. N6-methyladenosine
Modulates Messenger RNA Translation Efficiency. Cell. 2015;161:1388–99.

32. Qu XL, Liu B, Wang LG, Liu LG, Zhao WZ, Liu CL, et al. Loss of cancer-associated
fibroblast-derived exosomal DACT3-AS1 promotes malignant transformation and
ferroptosis-mediated oxaliplatin resistance in gastric cancer. Drug Resist Update.
2023;68:100936.

33. Li ZH, Peng YX, Li JX, Chen ZJ, Chen F, Tu J, et al. N6-methyladenosine regulates
glycolysis of cancer cells through PDK4. Nat Commun. 2020;11:2578.

34. Gao Z, Zhu M, Wu Y, Gao P, Qin Z, Wang H. Interferon-λ1 induces G1 phase cell
cycle arrest and apoptosis in gastric carcinoma cells in vitro. Oncol Rep.
2014;32:199–204.

35. Cardoso AP, Goncalves RM, Antunes JC, Pinto ML, Pinto AT, Castro F, et al. An
interferon-γ-delivery system based on chitosan/poly(γ-glutamic acid) polyelec-
trolyte complexes modulates macrophage-derived stimulation of cancer cell
invasion in vitro. Acta Biomater. 2015;23:157–71.

36. Yuan J, Yin Z, Tan L, Zhu W, Tao K, Wang G, et al. Interferon regulatory factor-1
reverses chemoresistance by downregulating the expression of P-glycoprotein in
gastric cancer. Cancer Lett. 2019;457:28–39.

37. Michalska A, Blaszczyk K, Wesoly J, Bluyssen HAR. A Positive Feedback Amplifier
Circuit That Regulates Interferon (IFN)-Stimulated Gene Expression and Controls
Type I and Type II IFN Responses. Front Immunol. 2018;9:1135.

38. Chen Z, Soutto M, Rahman B, Fazili MW, Peng DF, Piazuelo MB, et al. Integrated
expression analysis identifies transcription networks in mouse and human gastric
neoplasia. Gene Chromosome Canc. 2017;56:535–47.

39. Qi HY, Yang ZY, Dai CJ, Wang RN, Ke XX, Zhang SL, et al. STAT3 activates MSK1-
mediated histone H3 phosphorylation to promote NFAT signaling in gastric
carcinogenesis. Oncogenesis. 2020;9:15.

40. Huang H, Weng H, Sun W, Qin X, Shi H, Wu H, et al. Recognition of RNA N6-
methyladenosine by IGF2BP proteins enhances mRNA stability and translation.
Nat Cell Biol. 2018;20:285–95.

41. Mancarella C, Scotlandi K. IGF2BP3 From Physiology to Cancer: Novel Discoveries,
Unsolved Issues, and Future Perspectives. Front Cell Dev Biol. 2019;7:363.

42. Winkler R, Gillis E, Lasman L, Safra M, Geula S, Soyris C, et al. m6A modification
controls the innate immune response to infection by targeting type I interferons.
Nat Immunol. 2019;20:173–82.

43. Zhang Y, Wang X, Zhang X, Wang J, Ma Y, Zhang L, et al. RNA-binding protein
YTHDF3 suppresses interferon-dependent antiviral responses by promoting
FOXO3 translation. Proc Natl Acad Sci USA. 2019;116:976–81.

ACKNOWLEDGEMENTS
This work was supported by the National Natural Science Foundation of China (No.
82102494, No. 81973343, No. 81871702), Guangdong Basic and Applied Basic
Research Foundation (No. 2021A1515220048) and China Postdoctoral Science
Foundation (No. 2021M703706).

AUTHOR CONTRIBUTIONS
Lichen Ge, study concept and design, performed the experiments, drafting of the
manuscript, statistical analysis; Yalan Rui, Cheng Wang, Yingmin Wu, acquisition of data,
statistical analysis; Hongsheng Wang, study concept and design, critical revision of the
manuscript for important intellectual content, administrative support, provision of study
material; Junjun Wang, study concept and design, drafting of the manuscript, critical
revision of the manuscript for important intellectual content, administrative support.

COMPETING INTERESTS
The authors declare that they have no competing interests.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE
Informed consent was obtained for all individuals. Ethics approval was obtained from
the Ethics Committee of Jinling Hospital of Nanjing University. All animal experiments
were performed according to protocols approved by Zhongshan School of Medicine
Policy on Care and Use of Laboratory Animals.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-024-06566-0.

Correspondence and requests for materials should be addressed to
Hongsheng Wang or Junjun Wang.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

L. Ge et al.

16

Cell Death and Disease          (2024) 15:192 

https://doi.org/10.1038/s41419-024-06566-0
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	The RNA m6A reader IGF2BP3 regulates NFAT1/IRF1 axis-mediated anti-tumor activity in gastric�cancer
	Introduction
	Materials and methods
	Tissue samples collection
	Database analysis
	Cell culture
	Plasmid, siRNA, shRNA and generation of stable cell�lines
	Wound-healing�assay
	Transwell�assay
	Colony formation�assay
	EdU staining proliferation�assay
	Apoptosis�assay
	Subcellular fractionation
	Chromatin immunoprecipitation (ChIP)�qPCR
	RNA-binding protein immunoprecipitation (RIP)-RT-qPCR
	RNA pulldown�assay
	RNA stability�assay
	Luciferase reporter�assay
	RNA extraction and quantitative real-time�PCR
	RNA m6A quantification
	Polysome profiling
	Ribo-seq
	RNA-seq and bioinformatics
	m6A-seq and data analysis
	m6A-RIP�qPCR
	Western blot analysis
	Protein stability
	Immunohistochemistry�(IHC)
	Animal�study
	Statistics

	Results
	Elevated IGF2BP3 expression is associated with poor prognosis of GC patients
	Inhibition of IGF2BP3 suppresses malignancy of GC�cells
	Identification of potential downstream targets of IGF2BP3
	IRF1 is involved in IGF2BP3-regulated cell growth and migration in GC�cells
	IGF2BP3 regulates the transcription and mRNA stability of�IRF1
	NFAT1 mediates IGF2BP3-induced transcription of�IRF1
	IGF2BP3 regulates NFAT1 in a m6A-dependent�manner
	NFAT1/IRF1 axis is involved in IGF2BP3-regualted GC progression in�vivo

	Discussion
	References
	Acknowledgements
	Author contributions
	Competing interests
	Ethics approval and consent to participate
	ADDITIONAL INFORMATION




